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PHASED ARRAYS FOR METEOROLOGICAL SATELLITE
By Charles E. Profera, Jr.

Radio Corporation of America
Moorestown, New Jersey

SUMMARY

Multimode techniques have been applied to the design of an E-plane sectoral horn
to produce tapered line source illuminations resulting in low-sidelobe patterns. An
H-plane array of multimode horns can be combined through a multimode power com-

biner to provide a single-plane electronic scan capability.

Basic design data for the multimode line source has been formulated and two

array configurations considered.

The staggered array consists of two linear arrays of multimode half-horns dis-
placed from each other in the H-plane by one-half the element width to eliminate
grating lobes along the scan axis. Patterns recorded from a pair of multimode half-
horns exhibited maximum side lobe levels of -30 dB over a frequency band in excess
of 5%. Projected array beam efficiency ranged from 929% to 96% over a 10% frequency
band. An analysis of the staggered array geometry revealed a pair of grating lobes
equally displaced about the scan axis appearing in visible space as the beam is scanned
only a few degrees. Beam efficiency is seriously degraded to the extent that the

staggered array concept is unsuitable for incorporation into a scanned array.

A parallel array of reduced-width multimode horns was evaluated for reduced
bandwidth and scan capability. Pattern measurements in the plane of the line source

revealed a negligible effect due to the presence of the dummy elements.

An analysis was made to determine the effect of phase shifter errors on array
patterns. The errors associated with a 5-bit phase shifter typically increase maxi-

mum computed sidelobes resulting in a decrease of beam efficiency.



INTRODUC TION

Phased array antennas operated at frequencies above X-band are generally char-
acterized by high insertion loss. Attempts to reduce this loss generally results in a
design which is inherently narrow band. A satellite-borne phased array antenna for
radiometric measurements must exhibit low noise temperature and high beam efficiency,

with wide-band characteristics an attractive feature.

This report discusses the analysis and evaluation of a basic multimode horn line
source element for an array of line sources. The inherent low loss of the waveguide
horn and its intended multimode horn power combiner along with the sidelobe level
and beam efficiency control attended by multimode aperture distribution tapering
techniques make this an attractive array antenna for operation at frequencies above
X-band. Bandwidth of a multimode sectoral horn for array application is typically

about 5%.

THEORY OF MULTIMODE TECHNIQUES

Techniques requiring generation and radiation of several waveguide modes have
been utilized recently (Ref. 1, 2, 3) for controlling the shape and reducing the side-
lobe levels of the radiation patterns of horn feeds for large reflector antennas. The
multimode horn feeds discussed in the literature to date have been relatively low-gain
pyramidal or conical horns having dual polarization symmetry. The most directive
of these feeds are used in the Cassegrain reflector geometry and have typical half

power beamwidths of 15 to 25 degrees with horn apertures of 3 to 5 wavelengths.

Multimode sidelobe reduction techniques can be applied equally well to the linearly
polarized sectoral horn resulting in a continuous aperture line source whose radiation
pattern exhibits very low sidelobe levels. Using an aperture lens to correct the in-
herent field curvature of the flared horn permits the design of a long line source with
a relatively short horn. Half-power beamwidths of only a few degrees can be realized

in applications of this technique.




A directive array of multimode line sources can be realized by utilizing the sec-
toral horn arrangement shown in Figure 1. If E-plane multimode sectoral horns are
employed, H-plane electronic scanning can be provided by incorporation of electronically
variable phase shifters at the horn inputs. The E-plane array pattern will be essen-
tially that of a single line source and will possess the same low sidelobe characteris-
tics. Low H-plane array sidelobes and consequently high beam efficiency can be
obtained by incorporating a beamformer to provide a suitable tapered aperture distri-
bution in the H-plane of the array. Utilizing optical power division techniques for the
H-plane beamformer will result in an extremely low loss array. Hybrid couplers and
magic tees are excluded from the full array thereby eliminating the losses of these

elements and their interconnecting waveguide.
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Figure 1. Continuous Line Source Array

The low sidelobe levels, high beam efficiency and low loss characteristics of the

multimode array make it well suited for use in radiometric applications.

Pattern Sidelobe Beamwidth and Beam Efficiency Control

Techniques employed to provide aperture distribution tapering in the E-plane of
a rectangular waveguide radiator require generation of at least two modes, the TEq

and LSE{2. The TE;, mode is the dominant waveguide mode and is characterized by



the electric field distribution shown in Figure 2. The expression for the TEq( mode

electric field distribution is given in equation (1) for a y-polarized field

o TX . 1
Elo(x,y)=a10cos?¢y 1)
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Figure 2. TE;, Mode E Field Distribution

The LSE;, mode is a hybrid mode formed by a combination of the TE12 and TMqs
modes. The TEj9 and TMqo rectangular waveguide modes are a degenerate pair
(i.e., they have equal phase velocities but different field configurations) permitting
combination to form the single hybrid LSE19 mode. The electric field distribution
of the LSE;9 mode is shown in Figure 3. The transverse electric field distribution

of the LSE o mode is given in equation (2) for a y-polarized field

'l _ mx 2my @)
Ejp &, ¥) = ajpcos = cos =27 ¢

The LSEj9 mode is a 'longitudinal section'” E mode (i.e. zero x-component of elec-

tric field) from which the terminology is derived.
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Figure 3. LSEj5 Mode E Field Distribution

In-phase, principal plane, aperture field distributions for the TE1¢ and LSE12
modes are illustrated in Figure 4. 1t is evident that by adding the in-phase distribu-
tions a resultant tapered E-plane distribution is produced while the inherent tapered
H-plane distribution is retained. The resultant normallized E-plane distribution is
plotted in Figure 5. The E-plane aperture distribution, hence the E-plane radiation

pattern characteristics, can be adjusted by control of the mode amplitude ratio
a19/a1¢-

The radiation pattern from a rectangular aperture excited in the TE;y and LSEq9
modes (Ref. 4) is

sin uy cos u, ajg W sinuy cos u, jogy 3)

+ e
w, (/22 - v2] agg[r® - wf] [m/2)? - uZ]

£6,¢) =

where

u ="—>\asin9 sin¢;ub =ﬂ)sin9 cos ¢

a A



8 and ¢ are the spherical antenna coordinates shown in Figure 6. o = aperture

phase difference between TE, and LSE;p modes.
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Figure 4. In-Phase Principal Plane E Distributions
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Figure 5. TEpy + LSEq9 In-Phase E-Plane Distributions

The maximum sidelobe level and half-power beamwidth of the computed composite
mode E-plane radiation pattern, f (up, m/2), is plotted vs a;5/a1( in Figure 7 with
a_M as a parameter. For the in-phase case (aM = 0), the maximum sidelobe is less
than -30 dB for 0.65 < ajs/ajg < 1. 05. For the case where a +20-degree aperture mode
phase difference exists, the maximum sidelobe level is below -25 dB for the same range of
mode amplitude ratios. This data indicates the feasibility of using multimode radiators

as low-sidelobe antennas over some bandwidth specified by ayy-




P;(6,¢) (FAR FIELD POINT
OF OBSERVATION)

APERTURE
b ¢

AN

Figure 6. Antenna Co-ordinate System

Beam efficiency (np), which is defined as the ratio of power in the main beam of

the antenna to the total power radiated or absorbed by the antenna through all space,

is plotted vs mode amplitude ratio ajp/ajg with oy as a parameter for computed multi-

mode line source patterns of revolution in Figure 8. Beam efficiency exceeds 98.5%
for 0.6 < 312/310 < 1.0 where app = 0. For optimum design over a maximum band-
width a mode amplitude ratio in the vicinity of 0.8 is required. Beam efficiency for

this ratio exceeds 96. 59 for IaMl < 20°.

Mode Generation Techniques

There are several methods which may be employed to generate the LSE;9 mode.
Examples of the most common are shown in Figures 9(a* to (d). The most practical
of these, for most applications, is the step mode generator shown in Figure 9(d).
Generation of an LSE;9 mode is accomplished by providing a symmetrical step dis-
continuity in the path of an incident TE, wave for the geometry of Figure 9(d). If
the larger waveguide supports LSEq, mode propagation while the smaller does not,
an LSE;, mode will be launched which propagates only in the larger section with the

remaining component of TEq( mode. The LSEjp mode will be generated in phase
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with the TE{( mode at the step. The mode amplitude ratio, a12/ aqq, is a function of
the two waveguide dimensions. This relationship will be discussed further in the fol-
lowing section. Additional higher order modes may be generated at the discontinuity.
The step symmetry will permit generation of only those TE,,,» TM;,, modes that are
even functions in y (n = even integer) where the origin of coordinates is located at the
guide center. The problem of unwanted higher order mode generation is avoided by

restricting the dimensions of the larger waveguide to support only TE1p and LSE19

mode propagation. All TE,,, and TMyy modes with n = 4 will be cut off in this section.
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Figure 8. Beam Efficiency vs Mode Amplitude Ratio (a19/a,,) for
Multimode Pattern of Revolution
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Bisection of a waveguide propagating a TE,, and LSEj2 mode by introduction of
a thin conducting wall normal to the electric field does not affect the mode propagation
characteristics. As can be seen in Figure 10(a) two half-sized waveguides result with
each propagating a TE1, and LSEj; mode combination. The adjacent LSE;; modes
are anti-phased. The bisection property is useful when considering a sectoral horn
with large aspect ratio (b/a). A supporting center wall may be incorporated as shown
in Figure 10(b) to reduce fabrication tolerance difficulties. The equivalence of an
LSE11 mode pair to an LSE{9 mode can also be obtained by a pair of sectoral horns
each propagating a TE;,, LSE{; mode combination arranged as shown in Figure 10(c).
This technique allows the use of shorter individual horns for the same bandwidth.
The sectoral horn designs to be discussed later utilize the bisection property and pro-
vide for generation of the TEy( and LSE ] modes. Analysis of multimode performance

is unaffected by this choice of modes.

Generation of the LSE{; mode in rectangular waveguide is accomplished by pro~
viding a single step discontinuity as shown in Figure 11. This discontinuity will launch
odd modes (n = odd integer). TE, and LSE;; propagation only is insured by having

the output waveguide cut off all modes with n = 3.

When mode generation is accomplished at a step in rectangular waveguide and a
flared horn termination is utilized, unwanted higher-order mode generation at the
horn throat may be suppressed if the flare angle is not severe. The horn throat serves
as a transition from rectangular waveguide to the sectoral horn. The mode electric
field configurations in the sectoral horn are represented by modes with cylindrical

wavefronts centered at the horn vertex.

Mode generation can be accomplished in the horn itself thereby eliminating the pos-
sible undesirable effect of a horn throat. This technique of cylindrical mode generation
is practical when the mode phase difference from the generator to the horn aperture

can be made correct for the modes involved, with the mode generator located in the

region of the horn, which will support TE,; and LSE{; or LSE;p modes only. The

11
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cylindrical mode generator is shown in Figures 12(a) and (b) for LSE12 and LSE;

mode generation respectively.

TE0——» —

/// TE|o+LSE; /? b

Figure 11. LSE., Mode Generation in Rectangular Waveguide
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Figure 12. LSEqq Cylindrical Mode Launcher Configurations



The phase of the LSE;9 mode at the plane of generation can be changed 180 degrees
by providing the mode generating step at the center of the guide as shown in Figure 12(c)
rather than at the edge as shown in Figure 12(a). The phase of the LSE11 mode at the
plane of generation is changed 180 degrees by incorporating the mode generating step

on the opposite wall as shown in Figure 12(d).

The choice of using LSEq5 or LSE;; mode generation is usually determined solely

by the horn geometry. The mode generator type selected is usually that which pro-

vides maximum bandwidth.

DESIGN DATA FOR MULTIMODE SECTORAL HORNS

The radiation characteristics of a multimode horn are dependent on the relative
amplitude and phase of the modes involved. The design of a multimode horn to produce
specific pattern beamwidth and sidelobe characteristics over some bandwidth requires
a knowledge of the relationships between these parameters and the physical geometry

of the mode generating and propagating structures.

As previously mentioned, the large-aperture multimode sectoral horn requires
a lens to correct the inherent flared horn phase curvature. The lens also influences

the radiation pattern and bandwidth of the multimode horn.

The basic data necessary for the design of a multimode sectoral horn-lens radiator
will be presented in this section. Mode amplitude ratio and relative mode phase dif-
ference will be related to the horn geometry. Lens design considerations and the effect
on pattern characteristics will be discussed. Computed multimode line source pat-

terns including all the previous effects will be shown.

Mode Phase Difference

The electric and magnetic field components in an E-plane sectoral horn are de-

rived from the radial waveguide configuration (Ref. 5) shown in Figure 13. The

14




rectangular waveguide TElO’ LSE11 and LSE12 mode equivalents in the sectoral horn

id H
waveguide are the HlO’ H11 and 12

radiating transverse aperture field component, E¢ , of an Hmn sectoral horn mode is

radial waveguide modes. The expression for the

B . an mn
E¢ = f (r) sin 5 Z cos 3 ) “4)

mn

The cutoff wavelength of the Hmn sectoral horn mode is

A= : (5)

cmn 2 2
n m
J(ﬁ)) * (21'(1:)

The transmission line behavior of an outwardly propagating H-type mode is ex-

pressed in terms of the Hankel function Hm(z) (Kr). In the asymptotic form of these

functions for Kr large the Hankel function becomes (Ref. 6)

2n+1
1/2 -j (Kr - m)
Hm(z) (Kr) ~ <11 2 > e 4 (6)
Kr
1
r d
b

Figure 13. Radial Waveguide Coordinate System
15



where

2
K=+

g
The above expression represents a wave travelling in the direction of increasing
r. 'The solution in sectoral waveguide for Kr large corresponds to a wave propagating
along the longitudinal axis of a rectangular waveguide. The assumption is made, for
simplicity of analysis, that Kr is large in the multimode region of the sectoral horn.

This assumption is valid for a large portion of this region.

With the assumption that Kr is large, the guide wavelength for the Hmn sectoral

horn mode can now be defined as

M e
N _ mn (7)

€mn
J)\ 2 _ A2
C
mn

and the phase difference between the H

and H modes through a section of sectoral
10 mn

horn waveguide can be determined. From equations (7) and (5)

N _ 2 rdal ®)

mn
J(2r<1> a)2 - (mr<I>>\)2 - (n a)\)2

The incremental phase shift to the Hmn mode through a section Ar of a sectoral

horn is

40 = 3 (9)

The total phase shift to the H,,,, mode through a section of a sectoral horn from

r:RO"cor=Ris

R
@) = 2n dr (10)
Mg >‘g
R mn
(o]

16




Using equation (8) in equation (10) and integrating the following expression for

@) mng » the phase shift of the mnth mode, is obtained

1/2
2 2 2 2
o _n ,:k24 2 2 2 1/2 1 [kz (4a)\ -m )-n]
mng L) 2 ( a)\ m )~ ~n tan n
(11)
1/2
2 4 1/2 o [k12(4a)t2 - - nz]
- [kl (4a)\ —mz)—nz] +n tan =
where
_ A _ )\
k2 T a ; k1 B a
A A
and
R
-2 g - R - 0
DX ORI NR T R

The phase difference between the H 1 and H 11 modes from the mode generator to

0

the radiating aperture of the sectoral horn (RO-R) is a critical parameter in its design.

As shown in Figure 7, the optimum low sidelobe line source design results when the

HlO and H11 modes are in phase at the aperture center. Phase differences between

these modes results in pattern degradation. The phase difference between two sec-

h .
toral horn modes, @ MNS, is

@MNSZQmMnN _@MNnN

s ]
180° 1A1M 1 "2y
S MN, = = A2M - AlM +npp tan™" ny - - nyy tan ny, (12)
1 AlN -1 A2N
- A2 + A1 - nN tan a0 +n tan o degrees
N N N N N

17




where

1/2
2 2 2 2
AiM = [ki (4a>\ - myy ) —nM :|
A = [k24az m2 n2 V2
i T LK Gy -my) -y ]
N
m__,n__ = mode indic fMth d
MM ode es o mode
m = de indi f Nth d
N’ By = mode indices o mode
d
Ro R, &
A A
“ \
@ MN 28 seen in (12) is frequency dependent,
s

The multimode line source design procedure requires adjustment of (RO—R) to
provide a phase differential of 360° n (where n = an integer) between the H10 and H11
modes at the horn aperture at a single design frequency. For low sidelobe considera-
tions a phase difference of + 25° is tolerable (maximum sidelobe below -25 dB) which

determines an upper and lower band edge frequency.

© mngé,
180
and H11 mode propagation in a sectoral horn. The parameter

The quantity

is plotted vs k2 with k1 as a parameter in Figures

14(a) and (b) for H10
k.  in Figure 14 is 1.02 kco where k is the cut-off aspect ratio for the H1 mode.

1
11 €11 1

In general

k - ' (13)

18
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and

The curves in Figure 14 permit determination of @ MNg if the horn flare angle

<I>r (radians), k2 and kl are known.

A similar set of curves is plotted in Figure 15 (a) and (b) for H10 and H12 mode

propagation. The cut-off aspect ratios k and k

are plotted vs a

\ in Figure 16.

0011 0012

If mode generation is provided in a rectangular waveguide which in turn excites
the sectoral horn, the phase difference between the dominant and higher mode in the
rectangular waveguide section must be recognized. The phase difference between two

modes propagating through a length '"1" of rectangular waveguide is

. 1 1
@ My, = 360° 1 \:)\ G jl degrees (14)

N NN

Kgll/K and )\glz/)\ are plotted vs kR (kR = b/a) with a, as a parameter in Figures

Py
17(a) and (b). For the case where rectangular waveguide mode generation is employed

the total phase difference between modes is

@ = Q@ +
MNroTAL MNg MNg

Mode Amplitude Ratio

The ratio of H11 mode amplitude to HlO mode amplitude provided by the sectoral-
horn single-step mode-generating geometry of Figures 12 (b) and 12 (d) can be deter-
mined by equating the input and output transverse electric field at the plane of genera-
tion in terms of Fourier series components. The mode amplitudes are then the

Fourier series coefficients. The results obtained from this analysis can be modified
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to relate H12 mode amplitude to H10 mode amplitude for the geometry in Figures

12 (a) and 12 (c) and both I_SE11 and LSE1 mode generation to the rectangular wave-

2
guide geometry of Figures 11 and 9 (d).

Cousider the waveguide geometry in Figure 18 as propagating and supporting only
an HlO mode in the region r < ¢ and being large enough to support H11 mode propaga-
tion in the region r > c¢. At the cylindrical surface of discontinuity, r = ¢, the field is
just that of the H_ mode in the smaller section since all tangential electric field com-

ponents on the step must be zero.

Then
Tz
E®(O7 O, Z) = COSs ?
Egl0, @, 00 = 1 - 6/25 0= (-6/2+8) (15)
Ey0, 2,0 =0 (- 6/2+8')<¢=<6/2

a/2

4
(o)
Figure 18. H11 Mode Sectoral Horn Geometry
In the larger horn section, for r > c, the field may be written as
. -jK. _(r-c)
Tz -jK,  (r-c) mz, . T 11
- iz —= = 1
E¢2(r,¢,z) alocos( a ye 10 +allcos(a)s1n((5 ye (16)
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which is the sum of an H, and H_ . mode generated in phase with amplitudes a nd

10 11 102

a5 and propagation constants K10 and K11 respectively. All higher order modes are

assumed to be cut off in this section.

Atr=c¢
E¢1 (¢, c) = E¢2 (¢’ c)
(17)
- sin (T2
E¢1 (9, ¢c) = a, + a4 sin ( 5 )
The above represents the first two terms of the Fourier series expansion of
E¢ (¢, C). The mode amplitudes, which are the Fourier coefficients are
(-6/2+6")
4 8
80 2w f d¢ =57 (18)
-8/2
(6/2+8") )
1 . Ty 3 5 . b
3.11 = p f sin (—6—) d¢ = —? Sln—-6— (19)
-6/2
The mode amplitude ratio is then
.8
. =
a11 2 sin (7 5
a. m5'/6 (20)
10

The above equation is identical, except for sign, to that obtained for the mode gener-
ating geometry of Figure 19. For rectangular waveguide mode generation in the geom-

etries of Figure 20, 6 and ' in (20) are replaced by b and b’ respectively.

The mode amplitude ratio all/ a4 from equation (20) is plotted against step ratio
6'/6 in Figure 21. This curve is generally used to determine the mode generating

step geometry when the desired mode amplitude ratio is known.
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LENS DESIGN CONSIDERATIONS

The multimode sectoral horn requires a cylindrical aperture lens as shown in Figure
22 if the horn focal length to aperture ratio (f/d) is to be kept small. The lens design

must convert both the dominant H_ = and higher order H1 cylindrical waves to plane

10 1
waves at the horn aperture. The normalized cutoff wavelength )\cmn/ a is plotted vs
k (where k = r®/a in the sectoral horn or b/a in rectangular waveguide) in Figure 23
for Hl 0’ H1 1 and H 12 modes, The normalized cutoff wavelength of the H 11 and le
modes asymptotically approaches the normalized cutoff wavelength of the H 10 mode as
k is increased. For narrow-beamwidth horns where k is large at the horn aperture,
AClO’ xcll and )\clz will be essentially equal. The guide wavelengths kglo’ Agll and
Kg12 will also be essentially equal so that a simple dominant mode lens design can be
employed. For the multimode sectoral horns studied, k was greater than 14 where H 10

and H 11 modes were utilized,

Two basic lens designs exist, These are classified by the index of refraction'n",
which is defined as the ratio of the wavelength in the propagating structure preceding
the lens Agl to the wavelength in the lens medium )\gz. The index of refraction is either

greater or less than 1.

The lens designs considered for the multimode line source utilized a single re-
fracting surface only. This restriction was imposed to simplify impedance matching
at the sectoral horn aperture. The cylindrical lens equation for the single refracting

surface lens in Figure 22 is
R =L+n(Rcosf -1L) (21)

in polar coordinates and

9 1
X = ﬁl [1+12—(9—+i)—] 2 1 22)
n L m-1)

in Cartesian coordinates,
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Figure 22, Horn-Lens Geometry

In a bounded medium, n is frequency dependent. The lens design procedure then

requires an exact lens design at a specified frequency and an evaluation of bandwidth

effects.

The phase deviation from uniform at the lens planar surface is

Ay = i60° [R-L-n(@®cos®-1L)] degrees (23)
g1

The aperture phase distribution produced at some frequency other than the design
frequency is quadratic. The maximum phase error occurs at the lens edge and is found

tituti in (23).
by substituting Rmax for R in (23)

Zoned lenses were also considered but discarded due to sidelobe producing aperture

shadowing at the zone boundaries,

The lens shape also influences the aperture amplitude distribution of the multimode
line source. For the single refracting surface cylindrical lens, the aperture distribu-

tion tapering effect of the lens alone is (Ref. 7)

1

1

2 12 5

N (n cos ® - 1) _ 1 ]
T(y) = [(n—l)(n-coscb)] = L [ (L+nx) [L+x@n+1) | (24)
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For the case of a multimode horn-lens radiator where n > 1, the lens acts to de-
crease the illumination at the aperture edge and does not cause any increase in sidelobe
levels., When n< 1, the effect is reversed and may result in a composite distribution
with a central "dimple". This effect increases alternate sidelobe levels, which is unde-
sirable in a low-sidelobe multimode horn design. For this reason and bandwidth advan-
tages, a dielectric lens with n > 1 was chosen for the experimental models., The
dielectric material chosen for the lens is Emerson and Cuming Stycast 0005 (polystyrene)

with a measured dielectric constant of 2,55 at Ku band and loss tangent less than , 0005,

Lens Impedance Matching Considerations

The cylindrical dielectric lens chosen for the multimode sectoral horn is charac-
terized by reflection losses at both the refracting and planar surfaces. The reflection
coefficient produced at the refracting surface is a function of the angle of incidence
and therefore affects the intended aperture distribution differently at different aperture
locations. The incident rays on the planar surface are essentially normal to that surface

so that its reflection coefficient is constant at any point in the aperture,

Surface reflections for a dielectric lens with € . 2,55 will have a pronounced
effect on the radiation pattern characteristics. The low sidelobe levels required of
the multimode line source would be difficult to obtain, if at all possible. For this
reason the lens surface reflection coefficients must be reduced by incorporation of

suitable impedance matching devices.

A simple method of obtaining a good surface impedance match utilizes a quarter-
wave transformer section on both the refractive and planar surfaces of the lens as

shown in Figure 24,

An impedance match is obtained when the quarter-wave surface layer produces a

waveguide impedance Z 9 defined by
Z, = ‘/z1 Z, (25)
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Figure 24, Lens Matching with Quarter-Wave Transformers

where
Z 1= unloaded waveguide impedance
Z3 = impedance of waveguide completely filled with dielectric.

Waveguide characteristic impedance is defined as

K
Z =1 ?—
where
n =4/ - 37110
€o
2m 27
K T e e
X BTX
g
= free space wavelength
)\g = guide wavelength in waveguide filled medium

The intermediate characteristic impedance 22

may be obtained by choosing a

(26)

dielectric material for the transformer section with dielectric constant €ry between

€r1 and €r3 . An impedance transformer can be designed for the planar surface using

the above techniques. A more practical solution for the transformer utilizes the lens

dielectric material in a partially filled waveguide configuration. Two quarter-wave
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dielectric matching structures in waveguide are shown in Figure 25. By adjusting the
thickness of the "tongue'' or '"groove' in Figures 25 (a) and (b) respectively, Z o can be

varied between Z 1 and Z 3¢ This technique can be used to match both the refractive and

planar lens surfaces.

TOP VIEW TOP VIEW

s 1
e;t.ol / l' €710 /?c /Er

yi
SIDE VIEW SIDE_VIEW

Z NN\ v,

(a) (b)

Figure 25. Quarter-Wave Dielectric Matching Structures

The properties of slab-dielectric-loaded waveguides are analyzed in the literature
(Ref. 8). 22 can be determined for the waveguide configurations in Figure 25 as a
function of dielectric constant, slab width "'¢'', waveguide width "a'" and frequency.
Guide wavelength in the slab-loaded waveguide >‘g2 is also determined from the same
parameters. Hence the slab width and guide wavelength can be determined for a re-

quired Z 9 in a given waveguide geometry,

Multimode Line Source Pattern Computation

A computer program was written for the IBM 7090 to calculate the pattern of a
hypothetical line source with a multimode illumination function. For the case where

lens effects are neglected the resulting pattern characteristics of mode amplitude and
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phase effects are identical to those in Figure 7. This, however, is an incomplete
representation of actual multimode line source performance. A more complete

representation is obtained by including lens amplitude, phase and loss effects.

The pattern of the continuous aperture multimode line source including the pre-

viously mentioned effects was obtained by dividing the line source into a finite array

of Huygens sources, incorporating the mode and lens influence on the Huygens source

pattern and vectorially summing the contributions of all such sources over the entire

length of the line source.

The complete expression for the pattern of the line source geometry in Figure 26

is
F.+jF
B 1 2 1+cosb
E@) g, = 20108, F.' +jF_’ ( 2 ) @7
1 2
where
1/2 v
21Ty y (2773’ in 6
F1 = 2y¥m T({) | A cosé& + B cos = cos@zM+g) —V—ocos Tsm

+ T (0) [A cos £ + B cos (aM+g)]

/2

!
1l

y=m

+ T (0) [A sin £ + B sin (@ +€)]

Fl = F1 (6 =0)
4
F2 = F2 (6 =0)
1
1 2 .
Ty)= L [(L %) [L Tx(no 1)] ] = lens amplitude taper term

A
9 2 2 T (y) [A sin £ + B cos (2—}2’) sin (OLM + g)] —‘7}—;- cos <'—2—?/ sine))
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Figure 26. Horn Geometry for Pattern Computation

£ = iﬂ (ny - n) x = lens phase error term
S
A%
V_y = 103'47 2 t;a\.n 0 (t0 - t) = lens loss term
o
Bo=a,/2,
on = mode phase difference at aperture
to = lens thickness aty =0
t = lens thickness aty =y

Equation (27) was used to compute the patterns for the various multimode line

source configurations investigated. The results of these computations will be discussed

in the following section.
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LINE SOURCES FOR TWO PROPOSED ARRAY DESIGNS

E -plane multimode sectoral horns can be arranged in an H-plane array to provide
an H-plane electronic scan capability and array antenna patterns characterized by low

sidelobes and high beam efficiency.

In consideration of the grating lobe problem, characteristic of most electronically
scanned arrays, two array configurations requiring independent line source designs
were studied and evaluated. The first, as shown in Figure 27 (a) utilizes two staggered
arrays of half horns for the purpose of eliminating grating lobes in the scan plane. The
second, a more conventional parallel array of restricted-width horns shown in Figure
27 (b) provides an element-to-element separation consistent with the scan requirement.
Configurations studied were compatible with a scan capability of £30 degrees to £60

degrees and half-power beamwidth of 3 degrees.

The staggered array concept was later found to have grating lobes outside of the

scan plane as shown in the Appendix A and was abandoned in favor of the parallel array.

STAGGERED ARRAY PARALLEL ARRAY

(a) (b)

Figure 27, H-Plane Arrays

39



Line Sources for the Staggered Array

An array of sectoral horns as shown in Figure 27 (a) can be designed to eliminate
grating lobes in the scan plane for a wide range of scan angles. To provide a scan
capability to d:6m for this configuration, the spacing between adjacent line sources S

A
must satisfy the following relationship

S)\ < 1 (29)
1 + sin I GM l
To provide a £60 degree scan capability with no grating lobes in the scan plane

S, £ 0.536
\ 5

The inter-element spacing S, is

_ a)\ + t)& (30)

T2

where

)
b\

sectoral horn inside width

1l

wall thickness between adjacent elements.

To preVent H2n mode generation in the horn, a)\ must be less than unity. Since

a.)\ is less than unity and t>\ very small, S>\ will satisfy equation (29).

The initial step in the design of a multimode line source for the staggered array

configuration is determination of the line source dimensions.

The line source length '""d" for the multimode horn in Figure 28 is determined by
the half-power beamwidth requirement. For an optimum low-sidelobe multimode line

source the half-power beamwidth is

(31)
HPBW = % degrees
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Figure 28, S8plit Horn

For a 3-degree HPBW

At a design frequency of 16 GHz

d = 23.7 (0.738) = 17.5 in,

The width '"a" was selected as 0. 622 inches, which is the long inside dimension of
standard Ku band (WR-62) waveguide., This dimension satisfies the requirements pre-
viously discussed and provides for ease of interfacing with standard Ku band test equip-

ment,

Two line source designs were considered. These are the split-horn and dual-horn
types pictured in Figure 10. The horn design for mode amplitude and phase considerations
assumes a continuous aperture over the length d. Offsetting the half apertures as re-

quired in a staggered array, does not affect these considerations,

The mode generating step dimensions are common to both designs if horn input
dimensions are constant. When a fixed horn input dimension is specified, as was done

initially, mode generation is accomplished in the rectangular waveguide section feeding
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the horn, Lengths of waveguide are incorporated between the mode generator and horn

input to provide for adjustment of aperture mode phase difference aM. A cross-section

of a multimode horn employing this technique is shown in Figure 29,

To obtain an optimum mode amplitude ratio a 1 1/ al 0’ of 0.8, the ratio as determined

2 For a design based on a +5% band-

width centered about fo =16 GHz, a')\HI = 0,887 which is a)‘ at the highest frequency.

from Figure 21 must be 0,68, Hence bp =1,47b

fmax/ a. To prevent propagation of

higher order modes in bf, bfmaxl = 0,417 inches. Then bpmin =1.47 (0.417) = 0.614

From Figure 16 it is found that kcon‘= 0.67=Db

inches, The horn input dimension for this configuration was chosen to be bpmin'

— Iby bp

Figure 29. Multi-Mode Sectoral Horn with Rectangular Waveguide
Mode Generating and Phasing Structure

The optimum line source focal-length-to-aperture ratio was determined from anal-
ysis of computed multimode sectoral horn patterns. Line source patterns were computed
for the sectoral horns previously discussed using equation (27) at a design frequency of
16 GHz (aM = 0) with horn flare angle ¢ {<I> = ¢ (f/d) } as a parameter. Curves of
maximum sidelobe level vs focal length "f' are plotted in Figure 30 for both the split-
and dual-horn types with all/a10 =0,8, Oy = 0° and 20° and d = 17, 5", Sidelobe levels

of the single horn line source were relatively independent of f/d. For this reason a horn

with f/d = 1,0 and a horn with f/d = 0.5 were considered.
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Figure 30. Summary of Lens Effect on Multi-Mode Line Source
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The dual-~horn pattern maximum sidelobe level showed a definite dependence on £/d.
For the configurations considered, an f/d near unity gave best results and was consid~

ered for experimental model design.

Dimensions of the three horn configurations considered for the experimental model

are given in Table I for the horn geometries shown in Figure 31,
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TABLE I

Line Source Horn-Lens

Type Model No. t/d d b t 2 @
Single Horn 1 1.0 17, 5" . 614" 16, 25" .622 | 26,6°
Single Horn 2 0.5 17, 5" . 614" 8.13v .622 | 4b°
Dual Horn 3 0.93 | 17,5" . 614" 15, 18" .622 | 15°

/T

b %

]
\

¢ 2 -I — o [
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The phase difference between the H 10 and H 11 modes and the lens phase errors are
plotted vs frequency in Figure 32 for the horn geometries above. From these data the
maximum value of o is determined and used in calculating line source patterns at the
frequency band edge. The computed line source pattern characteristics at the band

edge and center are given in Table II for the three configurations.

TABLE IT

Horn-Lens

No 15.2 GHz 16. 0 GHz 16,8 GHz

dBMax.S.L. | HPBW | dBMax,S,L. | HPBW | dBMax.S.L. | HPBW

1 29.3 3,3° 40,3 3.1° 30.7 dB 3.1°
2 32.3 4° 42,3 3.7 33 3.3°
3 27.1 3.2° 33.9 3° 28.1 2.8°

The above pattern characteristics include lens amplitude tapering, phase error and
loss, The three multimode horn configurations discussed above were fabricated for
experimental evaluation.

Generation of the sectoral horn H 10 and H 1 modes by a discontinuity solely within
the horn eliminates the need for an external rectangular waveguide mode generating and
phasing structure. This technique of cylindrical Hmn mode generation is useful when
the required mode phase difference at the horn aperture can be achieved without need
for external phasing and H

0 and H_ . mode purity is retained.

1 11

Cylindrical mode generation was constdered for horn number one since it satisfies
the above requirements. The phase difference between the Hl 0 and H11 modes for this
configuration determines am and is plotted in Figure 33, The mode phase difference vs
frequency response for cylindrical mode generation is essentially equal to that obtained
from the horn configuration in Figure 29, In practice the cylindrical mode generating

technique is desirable because it eliminates the rectangular waveguide sectoral horn

junction discontinuity which gives rise to unwanted mode generation,
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The second array configuration evaluated in terms of line source requirements
was the parallel horn array of Figure 27 (b). The scan requirement imposed on this
array is 30 degrees. This limit was chosen to prevent the horn width from becoming
prohibitively close to cut-off, For the configuration in Figure 27 (b) the spacing between

adjacent horns must satisfy equation (29) and is

Sypp = 0667 (32)

where

T AR
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The horn width a)‘ will be approximately v. S for a £30 degree scan capability. To
prevent operation of the multimode horn at frequencies close to cut-off, a design band-

width change to +2,5% was made.

To satisfy the £30 degree scan requirement and account for wall thickness the in-
side ""a" dimension of the horn is 0,430 inches. Cylindrical mode generation was pro-
vided in the flared horn. The mode phase difference emn between the Hyg and Hy; modes
is plotted against frequency in Figure 34. This data determines ¢, for the pattern com-
putation, Lens phase error versus frequency is plotted in Figure 35. Computed pattern

characteristics for a reduced width split horn with f/d = 1.0 are given in Table III.
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Figure 34. Mode Phase Difference vs Frequency, Horn #4 Cylindrical
Mode Generation
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Lens Phase Error vs Frequency, Horn #4

TABLE III

Horn-Lens
No.

Line Source
Type

15,6 GHz

16.0 GHz

16.4 GHz

Max, S, L.,

HPBW

Max, S. L.

HPBW

Max, S. L.

HPBW

4

Split Horn
(Reduced
Width) £/d
=1.0

-25,0dB 2.9

-39.6 dB 3.1°

-26.4 dB 2,8°
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As before, the above characteristics include all mode phasing and lens effects.
Sidelobes are somewhat higher at the band edge due to increased mode phase difference

and lens phase error relative to the wider horn design,

EXPERIMENTAL PROGRAM

The multimode line source models discussed in the previous section were fabri-
cated for experimental evaluation, The initial task to be performed required deter-
mination of the lens surface impedance matching structures, since a small lens
reflection coefficient is required to insure low sidelobe line source patterns, Once
this was accomplished, multimode sectoral horn patterns were measured, The horn
pattern characteristics were then measured for the horn in an array environment and

compared to the isolated horn characteristics,

Line Source Simulators

The impedance mismatch produced by the lens-to-free-space interface was deter-
mined using an infinite E -plane line source simulator. Simulator techniques were
employed to reduce the complexity and cost that would result if this data were taken
on actual lens models. This technique provides for rapid investigation of a variety of

interface matching structures, significantly reducing the time otherwise required.

The infinite E-plane line source simulator shown in Figure 36 consists of a rectan-
gular waveguide radiating into a parallel-plate waveguide whose conducting walls are
normal to the electric field vector and whose wall-to-wall separation is equal to the
waveguide height., When the paralllel-plate waveguide is terminated with suitable lossy
material, the rectangular waveguide source is imaged as an infinite E-plane array of
waveguide elements with zero thickness walls, Hence an infinite continuous aperture
E-plane line source radiating into free space is simulated, The propagation character-
istics of the H. and H__ sectoral horn modes are essentially equal at the radiating

10 11
aperture of a narrow-beam multimode sectoral horn, As a result the simulator may be
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Figure 36. Line Source Simulator
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excited in dominant mode only to give accurate information concerning the interface
impedance characteristics for multimode propagation. The rectangular waveguide
aperture is completely filled with the lens dielectric material to simulate a radiating

horn-lens model.

The impedance characteristics of the horn-lens interface at the refractive lens
surface were investigated in a simple waveguide simulator. The simulator consists
of a single waveguide section containing a tapered dielectric plug whose incident sur-
face is normal to the direction of wave propagation as shown in Figure 37. Terminating
the waveguide in a matched load simulates the horn-lens interface for normal angles
of incidence. For polarization parallel to the plane of incidence, which is an inherent
property of the E-plane sectoral horn, the reflection coefficient decreases with in-
creasing angle of incidence until the Brewster angle is reached. The Brewster angle
occurs beyond the angular limit of typical horn-lens designs, hence normal incidence

produces the worst case reflection coefficient.

INCIDENT E / / MATCHED
FELD ™ € 255 ™ LoAD
r
€,=1.0 / €, =10

Figure 37. Horn Lens Interface Simulator

The waveguide simulator provides an efficient method for investigating matching
transformer structures for the horn-lens interface at normal incidence. The matching
structure for normal incidence will provide an effective match for other angles of

incidence.

Lens for staggered array. - The normalized impedance vs frequency plot for

the lens-free space interface in the infinite array simulator is shown in Figure 38
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over the 15,2 to 16. 8 GHz frequency band for a = 0, 622 inches and €T ons ~ 2,55,
Impedance data obtained after incorporation of a matching transformer section are
shown in Figure 39, This matching section was utilized on the planar lens surface

for the 0, 622-inch wide horns,

— - [
1] 4
(n =E....A~ ARw NOdWOD | 3 ; 3
RESISTANCE COMPONENTE -:‘-- BIANVLGCH
R et )
686G
Figure 38, Simulator for Horn-Lens Figure 39. Simulator for Horn-Lens
Models #1, 2 and 3, Lens- Models #1, 2 and 3, Inter-
Free Space Interface face with Matching Trans-
former

The normalized impedance vs frequency plot for the horn-lens interface in the
waveguide simulator is shown in Figure 40 for a = 0, 622 inches and ey lens ~ 2. 55,
Impedance data obtained after incorporation of a matching transformer section is
shown in Figure 41. This matching section was utilized on the hyperbolic refractive
lens surface for the 0. 622-inch wide horn.

The matched half lens for horn number 1 is shown in Figure 42, VSWR vs fre-
' a

11
quency for this horn-lens model excited in H1 0 and H11 modes with A 0. 8 is also
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Figure 40. Simulator for Horn-Lens Figure 41. Horn-Lens Interface with
Models #1, 2 and 3, Horn- Matching Section

Lens Interface

shown in Figure 42, The matching configuration in Figure 42 was also utilized on
horns number 2 and 3. VSWR vs frequency data for H1 0 + H11 mode propagation are
shown for these horn-lens models in Figure 43.

Lens for parallel array. - The normalized impedance vs frequency plots for the

lens-to-free-space and horn-lens interfaces are shown in Figure 44 over the 15. 6 to
16. 4 GHz frequency band for a = 0, 430 and €rlens 2. 55, Impedance data obtained

after incorporation of matching sections is shown in Figure 45.

VSWR vs frequency is plotted in Figure 46 for matched horn-lens model number 4.

Antenna Pattern Range

The antenna test site used for multimode sectoral horn pattern measurements
consists of a test building and 10-foot tower located at a distance of approximately 90
feet. The test building is divided into an open-ended anechoic room with protective
dielectric sheet at the open end and a separate test equipment room. A Ku—band wave-

guide run installed between the test building and tower provides for transmission to a
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Figure 42, Half-Lens for Horn #1, VSWR vs Frequency
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Figure 43. Horn-Lens Models #2 and #3, VSWR vs Frequency
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Figure 46. Horn-Lens Model #4, VSWR vs Frequency, Lens in Place

16-inch Ky-band reflector antenna at the tower. A reflecting screen located between
the tower and anechoic room eliminates ground reflections and provides an incident
field across the line source aperture that is uniform to within 0, 3 dB. A photograph

of the antenna test site is shown in Figure 47.

A block diagram of the antenna pattern test equipment is shown in Figure 48, A

dynamic range of 60 dB was provided with this equipment.

Line Source Pattern Measurements

Horn-lens models for staggered array. - The first multimode line source fabri-

cated was the split-horn model, horn number one. This model, illustrated in Fig-
ure 29, utilized the technique of mode generation in the rectangular waveguide pre-

ceding the horn. A series of patterns were recorded on the model to experimentally
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determine the mode generating step dimensions required to obtain patterns like those
computed for all/alo = 0, 8. Several measured patterns are shown in Figure 49 for
calculated values of ayq /ayp. The actual mode amplitude ratio, determined from the
measured beamwidths is also shown in Figure 49. In all cases the actual mode ampli-
tude ratio exceeded the calculated. To obtain a mode amplitude ratio of 0.8, a step whose
calculated mode amplitude ratio is less than 0.4, was required. In addition to this dis-
crepancy, maximum measured sidelobes could not be reduced below -27 dB. The lack
of correlation between measured and calculated mode amplitude ratio and sidelobe levels
was attributed partially to unwanted mode generation at the horn throat which is a region
of H1 and H. . mode propagation. Mode generation results because of the discontinuity

0 11
existing at the horn throat between the horn and connecting rectangular waveguide.

The first horn-lens model was later modified to provide cylindrical mode genera-
tion and phasing totally within the horn, as shown in Figure 12, The horn throat for
this configuration terminates in standard rectangular waveguide in a region where the

horn can support H, A mode only. Any higher order modes generated at the horn throat

1
are cut-off and will z(a).ttenuate very rapidly into the horn., A pattern measured at center
frequency 16 GHz for calculated mode amplitude ratio all/ ajg of 0.8 is shown in
Figure 50; the measured value of all/alo is indicated. A much closer agreement
between predicted and measured patterns results using the cylindrical mode genera-

tion technique.

Dominant H; mode patterns of horn-lens model number one with cylindrical mode

0

generation are shown in Figure 51 along with computed H, . mode patterns, The un-

10

symmetrical sidelobe structure of the measured H, A mode patterns is the result of a

1
phase difference between halves of the horn model. 0A series of horn width measure-
ments indicated an average difference of 1 mil between halves resulting in an approxi-
mate 7-degree phase difference. A small compensating foam dielectric (€ = 1. 05)
phase shifter incorporated into one half horn in the region of Hig propagation, improved

symmetry resulting in the pattern shown in Figure 52. Multimode pattern sidelobe
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levels were reduced approximately 3 dB by eliminating the macroscopic air gaps be-
tween the lens and horn walls, This was accomplished by applying a thin coating of
silicon grease to the lens surfaces which contacted the horn walls. Hy ot Hyq mode
patterns of the compensated horn measured over the 15.2- to 16. 8-GHz frequency band
are shown in Figure 53. Over at least half the frequency band no sidelobes exceed -30
dB. Sidelobe levels are consistently low over the full frequency band. Beam efficiency
calculations were performed for the patterns in Figure 53 with the pessimistic assump-
tion that the array pattern formed will be a figure of revolution of these patterns. Beam
efficiency vs frequency for a square array of these line sources is plotted in Figure 54.
Calculated beam efficiencies in excess of 95% result over approximately half the fre-

quency band,

Multimode patterns of horn number 3 were measured over the 15.2- to 16, 8-GHz
frequency band. Sidelobe levels were consistently between -20 and -25 dB, somewhat
higher than expected. These levels are partially attributable to the ""hole' which exists

at the center of the aperture field distribution caused by the lens taper.

Dominant mode patterns of the shorter split-horn line source, horn number 2,
were measured, Measured patterns showed evidence of excessive aperture phase error.
This is primarily due to difficulties which arise in attempting to generate the required
cylindrical wave in this short horn. The large horn flare angle, (& = 45°), is respon-
sible. A tapered transition from rectangular waveguide to the flared horn was tried

with little success.

Horn-lens model number one, although having desirable line source pattern char-
acteristics, was not suitable for use in a scanned array because of the grating lobe
problem associated with the "'staggered" array discussed in Appendix A. All work on
the staggered array concept was discontinued after evaluation of the associated line

source models. Work continued on the line source model for the parallel array.
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Figure 54. Calculated Beam Efficiency vs Frequency for
17.5" x 17. 5" Square Multimode Array

Horn-Lens model for parallel array. - After complete evaluation of horn number

one for the staggered array, modifications were made resulting in a reduced width de-
sign with 17. 500 x 0. 430-inch inside dimensions. This new model horn number four
was designed for use in the parallel array arrangement previously discussed. Cylin-
drical mode generation and phasing were provided totally within the horn as shown in

Figure 12,
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Dominant Hy j mode patterns of horn-lens model number four are shown in Figure
55. The unsymmetrical sidelobe structure can again be attributed to a phase difference
between halves of the horn model. Because of the reduced horn width, fabrication tol-
erances are extremely critical. Analysis indicates that a phase difference on the order
of 25 degrees can produce the observed effect. Compensating foam-dielectric phase

shifters and reactive-post phase shifters were employed to compensate for the difference.

H10 + H11 mode patterns were measured over the 15. 6- to 16. 4-GHz band. These
patterns are shown in Figure 56. The best patterns have maximum sidelobes of ap-
proximately -26 dB, which is 4 to 5 dB higher than the best obtained from the wider
single-horn line source., Calculated maximum beam efficiency is 89%. Slight changes
were made to both the lens refractive surface and impedance matching transformer
surface in an attempt to improve performance. Maximum sidelobe levels increased
2 to 4 dB. Development of the reduced-width line source was stopped at this point to
proceed to the next phase of the program requiring incorporation of an active line source

into a prototype array.

Prototype Array

A program was initiated to determine the effect of an array environment on the
properties of a single multimode sectoral horn. In order to provide a real array en-
vironment to the multimode sectoral horn, it was decided that adjacent horns should
be real multimode horn-lens models and all other horns dummy elements. The dummy
elements are rectangular waveguides with line source aperture dimensions terminated

in suitable matched loads.

An array of three multimode sectoral horns based on design parameters of horn
number four were designed along with two five-element dummy arrays. At the time
of writing of this report the three real-element array is being fabricated. Fabrication

of the dummy elements has been completed.
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In order to obtain data from an active element in an array environment prior to
the writing of this report, the single reduced-width horn-lens model was modified and
combined with the two five-element dummy arrays representing a single active element
with five dummy elements disposed on either side, Antenna patterns of the real element

were recorded both in and out of the array.

The reduced-width horn-lens model modification required machining of the horn
walls to a . 050 inch thickness., Patterns of the isolated horn, measured after this modi-
fication, did not fully agree with those measured before modification., Maximum side-

lobe levels increased from approximately ~26 dB to -22 to -24 dB,

E-plane patterns of the multimode horn-lens model measured in and out of the
dummy array environment with dummy elements terminated, were essentially identi-
cal. The effect of adjacent elements on the E-plane pattern of the multimode line

source appears to be negligible.

A complete investigation of the effects of an array environment on the multimode
line source gain E- and H-plane, radiation patterns and impedance will be performed

upon completion of fabrication of the three-active-element array.
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ANALYSIS OF EFFECTS OF PHASE SHIFTER ERRORS

An analysis has been performed to determine the effect of phase shifter errors on
multimode array pattern characteristics. An expression was derived for the radiation
pattern of a 37-element parallel array of multimode line sources combined through a
multimode beam former. The expression for the pattern in spherical coordinates is

given by

18 .

GO,9) =16,%) > &n Bn +in) (1 + B cos Tn/18) (33)
=-18

where n = element number
B =aj1/ajg=0.8
(6, ¢) = multimode element pattern

0, = element phase for beam scanning

Bn = phase error due to phase shifter

Y, =27/Xns sin 6 cos ¢

S

spacing between elements

In the above expression the multimode element pattern f(6, @) is

+ ......

e R R V) B

where w = mh/\ sin 6 sin ¢

sin u, cos u B sinu cos u
1 b Y a
£8, ¢) = ( +cose> a a

u = ma/\ sin 8 sin ¢

b and a are respectively the line source E and H-plane dimensions.

It is assumed that a 5 bit digital ferrite phase shifter will be employed to provide
phage quantization sidelobes consistent with the array requirements. Phase shifter

tolerances per bit are tabulated below.
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Bit A B (30 value)

180° x5°
90° +5°
45° +3°
22.5° +3°
11.25° + 3°

The phase shifter tolerances per bit are based on previous work done at RCA on
similar C-band ferrite digital phase shifters. In addition to the phase tolerance per
bit, a total insertion phase tolerance of +15°(30 value) must be included. This again is

based on previously obtained data.

A normal distribution of errors was assumed for all cases and a random process
was employed to permit determination of the phase error due to the phase shifters on
a per element basis. This data was then applied to equation (33) and patterns for

broadside and various scan conditions were computed on an IBM 1620 computer.

For the array receiving at broadside, the phase shifter insertion phase tolerance
causes an increase in the maximum sidelobe level from -38.5 to -30 dB. This repre-
sents a decrease of beam efficiency to 96% from the theoretical value which exceeded

99%.

The effect of phase shifter errors on the radiation pattern for various scan angles

is presently being determined.

CONCLUSIONS

The multimode E-plane sectoral horn line source provides patterns which exhibit
very low sidelobe levels. An array of such elements combined through a like multi-
mode sectoral horn with divided outputs will result in an array characterized by low

sidelobes in all planes and very high beam efficiency.
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Basically, two line source designs have been extensively evaluated. The initial
line source for the staggered array configuration had excellent pattern characteristics
over a 10% frequency band with maximum sidelobes less than -30 dB over at least half
of this band. The modified reduced-width model exhibited somewhat higher sidelobe
levels for operation over a 5% frequency band. The reduced-width model was fabricated
from the initial line source model and because of its reduced width is more sensitive
to tolerance variation. The fact that two fabrication processes were required in con-
struction of the reduced width model and the probability of increased fabrication error
due to the two processes may account for differences in performance between the two
models. An array of three reduced-width models is currently being fabricated for
evaluation in a dummy array configuration. Additional work will be done to further

improve pattern characteristics upon completion of fabrication.

Analysis of the staggered array configuration revealed the existence of a grating
lobe pair off the scan axis which would occur in visible space as the beam is scanned a
few degrees. These additional lobes significantly reduce beam efficiency as the beam

is scanned rendering this configuration undesirable for the intended application.

A parallel array of the reduced width horns is suitable for operation with + 30°

beam scan at the expense of reduced bandwidth to approximately 5%.

An analysis of phase shifter errors indicates a 5-bit phase shifter will not seri-

ously degrade array performance at broadside.
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NEW TECHNOLOGY APPENDIX

ITEM1 MULTIMODE LINE-SOURCE ELEMENT

Pages of this report wherein the above item is described are: 11, 14, 40, 58

and referenced figure pages.
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APPENDIX A

- GRATING LOBE ANALYSIS FOR OFFSET ARRAY

A calculation of the array pattern in direction cosine space was made to determine
the grating lobe structure associated with the staggered array of multimode line sources.
The array configuration shown in Figure A-1 was analyzed as a linear array of multi-

mode half elements with progressive phase shift applied between half elements.

-25(-23|-21|-19 2212426

Figure A-1. Staggered Multi-Mode Half-Element Array



Initially the multimode half-element pattern was determined in real space and
transformed to direction cosine space. For the multimode half element shown in

Figure A-2, the radiation pattern in spherical coordinates is

. ju, cos ¢ .
32(1'3 1 )_]Bz(u1 cos @)

g(9’¢) = 35 (1 + ejul o8 ¢)
u1 cos @ T - (u1 cos @)
X 5 " a/2 5 | cos (ua sin @) (A-1)
(m/2y" - (u, sin ?)

where u = mhk/\ sin 6

u, = Ta/\ sin 6

B =a/a,
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Figure A-2, Half-Element Geometry Figure A-3. Spherical Coordinates
& Direction Cosine
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Transformation from spherical coordinates to direction cosine space, illustrated

in Figure A-3, is accomplished using the following relationships

1/2
sing = [72 + uz] (A-2)
cos ¢ = ——T—r (A-3)
( 2 2)1/2
T tHU
where
T = COS O/
M = cos «
y

Using the transformation identities shown above, the element function in direction

cosine space is found to be

e
aglit-e 2 BT ins
8 =7 | —mor 2‘(” >2 e T
T T
x "7 - °os (1}? ]..L> (A-4)
ar? - (5 b)

The radiation pattern of a linear array of n elements is

G(6, ¢) =80, ¢) ) i, exp [Kp, * R] (A-5)
) n

where in spherical coordinates

& = sin B cos ¢yt sinf singiy + cosfiy,

R = unit radial vector = Ti, + uiy + vi,
and

p, = Vvector from array center to ntP element

t, = currentin nth element

K = 21/



The corresponding array pattern in direction cosine space is (Ref. 9)

G(T,1) =g(‘r,p.)2 ipexp [[Knsy] (A-6)

n

where

S = spacing between adjacent elements.

For the 52 multimode half element array configuration in Figure A-1 employing

multimode power combining the complete array pattern in direction cosine space is

‘26
2n -1
G(r,H) = g(’l‘,,.;,)AS Z <1+Bcos1;—2>exp [ij, (I‘__Z__)a:l
’ 1
.n odd ]
-26 (
. 2n +1
+ Zl: <1+Bcos %—) exp l:]Ku (_13_4) a]g
n even ,
- 26
+g (-7, I”) Z <1+Bcos 172%) exp [ij @ﬂ_{;”_a] (A-T)
) 1
'n even
-26 (
. 2n+1
+ Z <1+Bcosg—2>exp []K}J (———-n4 )a]g
_.1 )
n odd
where
s = (Zn;l)a (n > 0); ns = (2n21)a m<0); B = all/alo

Equation (A-7) was programmed for computation on an IBM 1620 computer. The
resulting data indicates the location of pattern maxima as a function of 7 and g. The
grating lobe locations in real and imaginary space can then be easily determined as a

function of pattern scan angle. The pattern maxima of equation (A-7) plotted in the

T, 4 plane are shown in Figure A-4,
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array with single plane scanning, the translation of the unit circle is related to the

phase difference between elements Br in radians by the following relationship

B
Ho =75 K=21/)

But the scan angle, B4, is determined from the following expression
sinfg = B,/S,

where Sr is expressed in radians and equals KS, Hence the translation and scan

angle 64 are related by the following equation
o = sin 6 S

As the beam is scanned, the off-axis grating lobes on one side of the main beam appear
in visible space when the scan angle is approximately 6°. The level of the grating
lobes increases relative to the main lobe as the main lobe is scanned. This increase
is caused by the element factor g (7, u) which is always maximum at the center of

the unity circle, Since the computed grating lobe levels represent a significant amount
of power removed from the main beam, beam efficiency is drastically reduced. For
this reason, the staggered-element array concept will not be useful for the radiometer

application and was abandoned in favor of the parallel array.
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Figure A-4. Grating Lobes in 7, U Space for Staggered Array

As shown in Figure A-4 no grating lobes are located along the scan axis (1= 0),

however, -13, 8-dB grating lobes are located off the scan axis at 4 = 1.1, 7 ==0.5.

These occur outside real space for broadside operation of the array. Real space for

broadside operation is indicated by the circle of unity radius centered at + = 4 = 0, the

location of the main beam maximum.

to translation of the unity circle in direction cosine space.

Scanning the beam in real space is equivalent

For the multimode staggered



